Dechlorodauricumine (5) and dechloroacutumine (6) were converted to miharumine (7) and dechloroacutumidine (8), respectively, by a cell-free preparation from cultured roots of Menispermum dauricum in the presence of FAD. The structures of 7 and 8 were elucidated on the basis of spectroscopic analyses and chemical conversion.
We have been studying the biosynthetic pathways of chlorinated alkaloids produced by Menispermum dauricum roots to dauricumine (1), dauricumidine (2), acutumine (3) and acutumidine (4) . Tracer experiments using each of the 36 Cl-labeled alkaloids demonstrated that 1 was converted to 2-4, suggesting that 1 is the first chlorinated alkaloid formed in Menispermum roots. 1) Two dechloro-derivatives of these chlorinated alkaloids were isolated and identified from the same source; dechlorodauricumine (DCD) (5) 2) and dechloroacutumine (DCA) (6) . 3) Tracer experiments using 15 N-labeled dechloro-derivatives showed that 5 was incorporated into the chlorinated alkaloids with much higher efficiency than 6.
4) These results demonstrate that 5 was a precursor of 1-4. In the present study, 5 and 6 were incubated with a cell-free preparation from cultured roots of M. dauricum, with the objective of probing the metabolic pathway from 5 and 6 to 1. We report here the isolation and identification of the products converted from 5 and 6.
Incubation of 5 and 6 with the cell-free preparation from cultured roots of M. dauricum 35 d after subculturing, which vigorously produced chlorinated alkaloids, 4) yielded products 7 and 8, respectively, in the presence of FAD. Other cofactors, NAD, NADH and NADPH, were not functional in the reaction. The optimum pH and temperature of this FAD-dependent metabolic reaction were 7 and 37 C, respectively. After chromatographic separation and isolation, the structures of 7 and 8 were elucidated by using NMR, mass spectrometry and chemical conversion.
Product 7 was assigned the molecular formula C 19 H 23 NO 6 by HREIMS. The EI mass spectrum revealed that the molecular ion and fragment ions of 7, with molecular masses of more than 222, were smaller than those of 5 by two mass units. The fragment ions of 7, less than 208, were identical to those of 5. Based on detailed studies on the fragmentation pattern of 3, 1-epidauricumine, Okamoto et al. 5) have reported that the fragment ions of 3 less than 209 were due to molecular fragments which lost rings A and B. Therefore, ring A and/or B might be involved in the metabolic dehydrogenation of 5. The DEPT spectrum of 7 ruled out the possibility that dehydrogenation generated a double bond in ring B or C, because, compared with the DEPT spectrum of 5, an additional methine carbon appeared and a methylene carbon disappeared in the spectrum.
1 H-NMR data of 7 exhibited neither an OH signal nor coupling between OH and H-1, both of which were observed in 1 H-NMR data of 5 (Table 1) . These facts strongly suggest that dehydrogenation occurred between OH and one of the methylene groups to form an ether linkage. The characteristic methine signal observed at 89.4 ppm in 13 C-NMR of 7 (Table 1) can only be explained by forming the ether linkage between OH and C-15 of 5, resulting in the formation of an O-C-N connection in 7. This connection was confirmed by the HMBC spectrum of 7 in which correlations between H-1 and C-15, and H-15 and C-1 were observed. The structure was further confirmed by an NOE experiment in which a correlation between H-1 and H-10 at 1.64 ppm was observed, indicating this proton to be Pro-R, and H-10 at 2.72 ppm to be Pro-S. The small coupling constant between H-15 and H-14 suggests that the ether linkage made the nitrogen-containing fivemembered ring distorted. Based on detailed NMR studies, including COSY, HMQC, and HMBC, the 1 H and 13 C signals of 7 named miharumine were assigned, with no discrepancies, as shown in Table 1 .
An HREIMS analysis revealed that the molecular formula of 8 was C 18 H 23 NO 6 .
1 H-and 13 C-NMR spectra, exhibiting three O-methyl signals and no Nmethyl signal, were identical to those of dechloroacutumidine reported by Yu et al. 6) A comparison of the signals for 13 C-NMR of 8 with those of 1-4 and 6 suggests that the assignments by the authors for C-10 and C-14 should be changed. Product 8 was exposed to formalin and formic acid. The chromatographic behavior and mass spectrum of the chemically N-methylated product of 8 matched those of authentic 6. Thus, 8 was identified as dechloroacutumidine, the N-demethylated product of 6.
LC-ESIMS analyses revealed that 7 and 8 were also contained in the basic fraction prepared from the roots of M. dauricum grown in a pot, suggesting that the same reactions took place in the intact plant roots. Purification of the Menispermum enzymes responsible for this metabolic reaction is in progress.
Experimental

General.
1 H-and 13 C-NMR spectra were recorded in pyridine-d 5 by a Jeol Lambda 300 spectrometer. NMR experiments included 1 H-1 H COSY, 13 C-1 H COSY, DEPT, NOE, HMBC and HMQC. MS spectra were obtained on a Jeol JMS-700 mass spectrometer in the ESI and EI modes.
Chemicals. DCD (5) and DCA (6) were isolated as reported previously. 2, 3) The other chemicals of analytical grade were purchased from Wako Pure Chemical Industries, Osaka, Japan.
Plant materials and culture conditions. Menispermum dauricum roots were obtained from established cultures. 4) Excised M. dauricum roots were grown in a modified B5 medium containing 3% sucrose and 1 mM NAA in the dark at 27 C on a rotary shaker (70 rpm). Cell-free preparation. Roots were harvested 35 d after sub-culturing and stored at À80 C until needed. The roots were homogenized with 5 volumes of a 50 mM Na-phosphate buffer (pH 7.0) with 5% (w/w) polyvinylpolypyrrolidone. The homogenate was centrifuged at 10;000 g for 10 min, and then the proteins in the supernatant were fractionated by ammonium sulfate precipitation (between 20% and 80% saturated c Pro-R or pro-S of these protons was not assigned.
(NH 4 ) 2 SO 4 ). The fractionated protein solution was dialyzed twice against a 10 mM Na-phosphate buffer. The dialysate was centrifuged at 15;000 g for 10 min and the supernatant was used as the cell-free preparation. All procedures were done below 4 C. The protein concentration was determined by the method of Lowry et al.
7)
Conversion of 5 and 6. The cell-free preparation, whose the final protein concentration was adjusted to 500 mg/ml, was incubated for 18 h in 100 ml of a reaction mixture composed of a 25 mM Na-phosphate buffer (pH 7.0), 0.5 mM cofactor (FAD, NAD, NADH or NADPH), and 0.5 mM substrate (5 or 6) at 37 C. Alkaloids were extracted and analyzed as described next.
Extraction and analysis of the alkaloids. Each of the reaction mixtures was made alkaline (pH 10) with NH 4 OH, and then loaded into an Extrelut column (Merck Art. 15372). The column was allowed to stand for 10 min, prior to elution with CHCl 3 (3:5 ml Â 2). The combined CHCl 3 eluate was evaporated to dryness in vacuo at 30 C. The residue was then dissolved in MeOH and analyzed by HPLC, using an ODS-UG-3 column (4:6 Â 150 mm) eluted with MeOH-H 2 O (48:52) containing 0.2% NH 4 OH at a flow rate of 0.3 ml/min. A short pre-column (4:6 Â 10 mm) was placed between the injector and the separation column. The column effluent was divided into two, with one portion subjected to UV detection at 245 nm and the other to mass spectrometric detection in the ESI mode. The products 7, 5, 6 and 8 were eluted at 17.4, 15.1, 11.5 and 7.4 min, respectively.
Isolation of 7 and 8. The alkaloids, extracted from the reaction mixture as just described, were subjected to preparative HPLC in a Capcell-Pack C18 column (20 Â 250 mm) eluted with MeOH-H 2 O (48:52) containing 0.2% NH 4 OH at a flow rate of 4.0 ml/min. A short pre-column (4:6 Â 10 mm) was placed between the injector and the separation column. The t R values of 7 and 8 were 33.9 and 14.5 min, respectively. Each of the alkaloids was subjected to NMR and mass analyses. Miharumine (7 .9), 194 (8.8), 180 (27.1), 168 (6.7) .
1 H-and 13 C-NMR data, see Table 1 .
Dechloroacutumidine (8 N-Methylation of 8. A mixture of 8 (15 mg), 37% formaldehyde (5 ml) and 98% formic acid (5 ml) was incubated at 60 C for 2 h. The product was extracted from the reaction mixture and analyzed as already described.
